Hadronic X-ray Flares from Blazars by Mastichiadis, Apostolos & Petropoulou, Maria
Draft version September 28, 2020
Typeset using LATEX twocolumn style in AASTeX63
Hadronic X-ray Flares from Blazars
Apostolos Mastichiadis1 and Maria Petropoulou2, 1
1Department of Physics, National and Kapodistrian University of Athens, Panepistimiopolis, GR 15783 Zografos, Greece
2Department of Astrophysical Sciences, Princeton University, Princeton, NJ 08544, USA
Submitted to ApJ
ABSTRACT
The detection of a high-energy neutrino from the flaring blazar TXS 0506+056 and the subsequent
discovery of a neutrino excess from the same direction have strengthened the hypothesis that blazars are
cosmic neutrino sources. The lack, however, of γ-ray flaring activity during the latter period challenges
the standard scenario of correlated γ-ray and high-energy neutrino emission in blazars. We propose in-
stead that TeV–PeV neutrinos are produced in coincidence with X-ray flares that are powered by proton
synchrotron radiation. In this case, neutrinos are produced by photomeson interactions of protons with
their own synchrotron radiation, while MeV to GeV γ-rays are the result of synchrotron-dominated
electromagnetic cascades developed in the source. This “pure hadronic flaring” hypothesis has several
interesting consequences. The X-ray flux is a good proxy for the all-flavor neutrino flux, while certain
neutrino-rich X-ray flares may be dark in GeV–TeV γ-rays. Lastly, hadronic X-ray flares are accompa-
nied by an equally bright MeV component that is detectable by proposed missions like e-ASTROGAM
and AMEGO. We then applied this scenario to the extreme blazar 3HSP J095507.9+355101 that has
been associated with IceCube-200107A while undergoing an X-ray flare. We showed that the number
of muon and antimuon neutrinos above 100 TeV during hadronic flares can be up to ∼ 3 − 10 times
higher than the expected number in standard leptohadronic models. Still, frequent hadronic flaring
activity is necessary for explaining the detected neutrino event IceCube-200107A.
Keywords: galaxies: active — gamma-rays: galaxies — neutrinos — radiation mechanisms: non-
thermal
1. INTRODUCTION
In 2013 the IceCube neutrino telescope at the South
Pole discovered a diffuse and isotropic flux of neutri-
nos of astrophysical origin (Aartsen et al. 2013a,b). In
2017, the detection of IceCube-170922A in spatial and
temporal coincidence with a γ-ray flare from blazar
TXS 0506+056 provided the first ∼ 3σ neutrino source
association at the time (IceCube Collaboration et al.
2018). A follow-up archival search at the position of
the blazar revealed an excess of high-energy neutrinos
with respect to the atmospheric background in 2014/15.
This finding provided a ∼ 3.5σ evidence for neutrino
emission from the direction of TXS 0506+056 (Ice-
Cube Collaboration 2018). Interestingly, during that
Corresponding author: Apostolos Mastichiadis
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time the source was at a low state in radio, optical
and GeV γ-rays. More recently the extreme blazar
3HSP J095507.9+355101 was also tentatively associated
with IceCube-200107A (IceCube Collaboration 2020)
while it was undergoing an X-ray flare (Garrappa et al.
2020; Giommi et al. 2020a; Krauss et al. 2020). Despite
the fact that this was also an observation of low signif-
icance, it has further strengthened the possibility that
blazar jets are sites of high-energy neutrino emission.
The tentative association of the neutrino sources with
blazars revived the so-called hadronic models of blazar
emission. These postulate that the produced γ-rays
arise either directly from synchrotron radiation of rel-
ativistic protons accelerated in the jets of these ob-
jects (Aharonian 2000; Mu¨cke & Protheroe 2001) or
indirectly from photomeson collisions with ambient or
co-spatial photon fields (Mannheim 1993; Mu¨cke et al.
2003). Even before the TXS 0506+056 results, detailed
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multi-wavelength modeling, which attempts to describe
the observed photon spectrum and self-consistently pre-
dict the neutrino emission, has revealed that there are
sources with different hadronic contributions to their
GeV γ-ray flux (Petropoulou et al. 2015). Contrary to
expectations, modeling efforts of TXS 0506+056 have
shown that its broadband photon spectrum is explained
by synchrotron and Compton processes of an accelerated
electron population (i.e., leptonic model). The hadronic
component was found to be radiatively sub-dominant,
thus lowering considerably the expected neutrino emis-
sion (see e.g., Keivani et al. 2018; Cerruti et al. 2019;
Gao et al. 2019).
In this paper we examine the expected neutrino emis-
sion from blazars by assuming that this is produced
not in steady state but during flaring events connected
to sporadic proton acceleration episodes in blazar jets.
These hadronic flares would commence by photons emit-
ted via the proton synchrotron radiation. In cases, how-
ever, where these photons are sufficiently energetic and
reach high enough densities, they could serve as targets
for photomeson interactions on the relativistic protons
leading to neutrino production. As it turns out, this pic-
ture can maximize the neutrino efficiency and, in prin-
ciple, relax the usually extreme energetic requirements
of hadronic models (e.g., Liodakis & Petropoulou 2020).
A complicating issue of the picture described above is
the expected electromagnetic signatures of such flares.
These will depend chiefly on the evolution of the elec-
tromagnetic cascades which ensue from the secondaries
produced in photomeson interactions. The cascades take
time to develop because the cooling times of the pro-
duced lower energy particles become increasingly longer
as the particle energy degrades and, most probably,
these cascades will not have reached a steady state if
the source undergoes changes which are faster than the
particle cooling times. Therefore a time-dependent ap-
proach is required which is further justified from the
inherent non-linearity of the problem, i.e., from the fact
that protons do not interact only with their own syn-
chrotron radiation, but also with the radiation produced
through the cascades.
Here we focus on X-ray flares powered by proton syn-
chrotron radiation. We have chosen to investigate this
regime because it proves to be the most promising for
neutrino production: X-rays are energetic targets for
photomeson interactions to occur in collisions with rel-
ativistic protons and, at the same time, they can be
plentiful providing substantial optical thickness for the
interactions. Additional motivation is provided by the
fact that X-ray photons are not usually considered as
targets for neutrino production in blazars while proton-
induced emission is rarely invoked to explain the low-
energy hump of the blazar SED.
The paper is structured as follows. In Section 2 we
present analytical estimates of the necessary conditions
required to produce neutrinos in a hadronic flare, and
approximate scaling relations between the neutrino and
photon luminosities. In Section 3 we describe the numer-
ical approach used to simulate hadronic X-ray flares. In
Section 4 we present our results of saturated hadronic
X-ray flares in which the neutrino and photon luminosi-
ties are comparable. In Section 5 we apply our results to
the case of the extreme blazar 3HSP J095507.9+355101
that has been tentatively associated with the neutrino
IceCube-200107A during an X-ray flare. In Section 6 we
discuss the prospects of detecting such hadronic flares in
γ-rays with future observatories. Finally, we conclude in
Section 7 with a discussion and summary of our main
results.
2. ANALYTICAL CONSIDERATIONS
Relativistic protons with Lorentz factor γ′p in the pres-
ence of a magnetic field with strength B′ radiate syn-
chrotron photons of energy (in mec
2 units) xp,syn =
bγ
′2
p (me/mp), where b ≡ B′/Bcr and Bcr = 4.4×1013 G.
We can express xp,syn in terms of the photon energy
in the observer’s frame, εph,keV ≡ εph/1 keV, and the
Doppler factor of the emission region, D, as
B′ = 16 εph,keVD−11 γ
′−2
p,6 G, (1)
where qx ≡ q/10x in cgs units, unless otherwise stated.
For simplicity, we did not include the 1 + z term in
the equation above. Primed quantities are measured in
the rest frame of the emission region, while unprimed
quantities are measured in the observer’s frame.
Protons can also interact via photopair (Bethe-
Heitler) and photomeson production processes on their
own synchrotron radiation. The energy threshold con-
dition for photopair production on proton synchrotron
photons reads xp,synγ
′
p & 2 or
B′ & 0.16 γ′−3p,6 G, (2)
and the energy threshold condition for photomeson pro-
duction on proton synchrotron photons reads xp,synγ
′
p &
(mpi/me)(1 +mpi/2mp) or
B′ & 24 γ′−3p,6 G. (3)
Even if the latter condition is not satisfied simultane-
ously with equation (1), protons can still pion-produce
on higher energy photons that are available in the
source. These can be synchrotron photons from Bethe-
Heitler pairs with typical energy xe,syn = bγ
′2
e ≈ bγ
′2
p .
Hadronic Blazar Flares 3
104 105 106 107
10−2
10−1
100
101
102
103
104
 γp′
 
B′
(G
)
F1
F2
F3
F4
εph=0.1 eV
εph=10 eV
εph=1 keV
Eq.(2)
Eq.(3)
Eq.(4)
Figure 1. Threshold conditions for photopair and photome-
son interactions in a hadronic flare plotted as a function
of the proton Lorentz factor γ′p and the magnetic field of
the source B′. The threshold for photopair and photomeson
production on proton synchrotron photons is satisfied above
the dashed and dotted lines, respectively. The threshold for
photomeson production on synchrotron photons from Bethe-
Heitler pairs is satisfied above the dot-dashed line. Solid
colored lines indicate combinations of B′, γ′p that yield pro-
ton synchrotron photons of energy 0.1 eV (cyan line), 10 eV
(green line) and 1 keV (orange line). The parameters for the
numerical models discussed in Section 4 are indicated with
stars.
The energy threshold condition for photomeson produc-
tion is relaxed by a factor of me/mp with respect to that
given by equation (3), namely
B′ & 1.2× 10−2 γ′−3p,6 G. (4)
The conditions given by equations (1)-(4) are dis-
played in Figure 1 for D = 10. If protons radiate
synchrotron photons of energy 0.1 eV (solid cyan line),
then neither photopair nor photomeson production on
the synchrotron photons can occur, and no high-energy
neutrino and photon emission is expected. If proton syn-
chrotron photons are more energetic (e.g., 10 eV; solid
green line), then there is a combination of B′, γ′p val-
ues that satisfies the threshold for photopair production
(dashed line). Even though photomeson production on
proton synchrotron photons is not possible (i.e., solid
green line lies below the dotted line), protons can still
pion produce on the Bethe-Heitler synchrotron photons
(i.e., solid green line lies above the dot-dashed line). In
this case, the neutrino luminosity will depend cubically
on the proton synchrotron luminosity. If the conditions
are such that the proton synchrotron photons fall in the
X-ray energy range (solid orange line), it is possible that
protons can interact with their own synchrotron photons
to produce pions (i.e., solid orange line lies above the
dotted line). Although synchrotron photons from Bethe-
Heitler pairs are an additional target for photomeson
interactions, proton synchrotron photons dominate the
pion production due to their higher number density. In
this case, the neutrino luminosity will depend quadrati-
cally on the proton synchrotron luminosity.
The bolometric photon luminosity produced by rela-
tivistic protons that are injected with differential lumi-
nosity L′
ε′p
≡ dL′p/dε′p into the source can be written
as
L′ph=
∫
dε′p
t
′−1
syn (ε
′
p) + t
′−1
BH (ε
′
p) + αt
′−1
mes(ε
′
p)
t
′−1
syn (ε′p) + t
′−1
BH (ε
′
p) + t
′−1
mes(ε′p) + t
′−1
esc
L′ε′p
,(5)
where t
′−1
syn , t
′−1
BH and t
′−1
mes are the proton synchrotron,
Bethe-Heitler and photomeson energy loss rates, respec-
tively, of protons with co-moving energy ε′p, while t
′−1
esc is
the proton physical escape rate from the source (which
is assumed to be energy independent). The above re-
lation is valid when secondary electron-positron pairs
radiate very fast their energy. Here, α ' 5/8 is the frac-
tion of proton energy that goes to photons and electron-
positron pairs in a photomeson collision, while the rest
is assumed to go to neutrinos and antineutrinos1.
For the purposes of this qualitative discussion, let us
consider the case of mono-energetic protons, in which
equation (5) simplifies to
L′ph =
t
′−1
syn + t
′−1
BH + αt
′−1
mes
t
′−1
syn + t
′−1
BH + t
′−1
mes + t
′−1
esc
L′p. (6)
The all-flavor neutrino luminosity is then written as
L′ν =
(1− α)t′−1mes
t
′−1
syn + t
′−1
BH + t
′−1
mes + t
′−1
esc
L′p. (7)
The above equations provide a rough guide for the
relation between the photon and neutrino luminosity,
which can be applied also to the case of extended pro-
ton energy distributions. Assuming, as is usually the
case, that t
′−1
BH  t
′−1
mes (but see also Petropoulou & Mas-
tichiadis 2015), we can ignore Bethe-Heitler pair produc-
tion and distinguish the following cases according to the
efficiency of each process
(i) If t
′−1
mes  t
′−1
syn  t
′−1
esc , then Lν  Lph  Lp.
(ii) If t
′−1
mes  t
′−1
esc  t
′−1
syn , then Lν  Lph . Lp.
(iii) If t
′−1
esc  t
′−1
mes ' t
′−1
syn , then Lν ' Lph . Lp.
Case (i) corresponds to a slow cooling regime which
is characterized by low efficiency in both photon and
neutrino production. Case (ii) indicates efficient photon
1 Henceforth, we refer to both as neutrinos.
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production through synchrotron, but not through pho-
tomeson processes, thus leading to much lower neutrino
output compared to the bolometric electromagnetic out-
put of the source. Only case (iii) can lead to efficient
neutrino production, thus raising the question of the re-
quired conditions under which the relation t
′−1
mes ' t
′−1
syn
holds. We do not consider cases with t
′−1
mes  t
′−1
syn , as
these usually lead to proton-photon runaways with heav-
ily modified photon spectra (e.g., Kirk & Mastichiadis
1992; Petropoulou et al. 2014; Mastichiadis et al. 2020),
whose applicability to blazar emission requires a dedi-
cated study.
Let us take a closer look at the “neutrino-rich” case.
Dividing by parts equations (7) and (6), we derive the
useful relation
Lν
Lph
=
(1− α)t′−1mes
t
′−1
syn + αt
′−1
mes
' 3
8ξ + 5
(8)
where ξ = t
′−1
syn /t
′−1
mes. The neutrino luminosity starts in-
creasing for decreasing ξ but note that even when ξ → 0,
the ratio of the luminosities approaches the constant
value of 0.6, which is dictated by the branching ratio in
photomeson interactions. Therefore, the neutrino lumi-
nosity will be, at best, of the same order as the photon
luminosity. This means that the photon and neutrino
components will be approximately at the same flux level
in a εFε plot.
In the absence of external photon fields, as assumed
here, all target photons for photomeson production are
internally produced. These consist mainly of proton-
synchrotron photons and synchrotron photons from
their secondaries2. On the one hand, t
′−1
syn ∝ U ′B, where
U ′B = B
′2/8pi. On the other hand, t
′−1
mes ∝ U ′ph with
U ′ph being the co-moving photon energy density above
the relevant energy threshold that depends on both B′
and the number density of relativistic protons. The two
rates become comparable if the source is compact, i.e.,
has a large ratio L′ph/R
′. This implies that there is al-
ways a value of L′p that can lead to ξ . 1 in a source of
given R′ and B′, thus maximizing the expected neutrino
emission of a hadronic X-ray flare. Henceforth, we refer
to the latter as saturated flares.
Although the considerations presented so far are useful
for a qualitative understanding of the multi-messenger
behavior of a hadronic flare, they cannot provide in-
formation about the shape or time-dependence of the
photon and neutrino fluxes. This is because the broad-
band photon spectrum is shaped by non-linear processes
2 Inverse Compton scattering is largely suppressed due to Klein-
Nishina effects.
that cannot be tracked analytically, such as electromag-
netic cascades initiated by intra-source photon-photon
absorption. In addition, the ratio ξ is expected to vary
during a flare, and might also drive the system into a
non-linear cooling regime, where protons start losing en-
ergy on the radiation of their own secondaries. For these
reasons, we proceed in the next section with a numerical
study of hadronic flares.
3. NUMERICAL APPROACH
We describe our approach for the numerical study
of hadronic flares that are neutrino-rich and have a
proton synchrotron peak in X-rays. More specifically,
we assume that the peak energy of the flare occurs at
εph = 1 keV and the flare reaches a peak luminosity
Lph ∼ 1045 erg s−1.
We use the numerical code atheνa (Mastichiadis &
Kirk 1995; Dimitrakoudis et al. 2012) that computes the
multiwavelength photon and all-flavor neutrino spectra
as a function of time by solving the kinetic equations for
relativistic protons, secondary electrons and positrons,
photons, neutrons, and neutrinos.
We assume that prior to the onset of a hadronic flare,
the emitting region contains a very low number of rel-
ativistic particles whose emission can be neglected. We
then consider that relativistic protons are injected into
the emission region, which is modeled as a spherical blob
of radius R′ with magnetic field B′ and Doppler factor
D = 10. The proton distribution at injection is taken
to be a power law with slope p = 1.5 extending from
γ′p,min = 1 and γ
′
p,max; the latter is considered as a free
model parameter. To simulate a hadronic flare, we vary
the total injection proton luminosity, L′p, according to a
Lorentzian temporal profile
L′p(t
′) = L′p,pk
w
′2
p
w′2p + 4(t
′ − t′pk)2
· (9)
Here, L′p,pk is the value of the proton luminosity which
occurs at time t′pk, and w
′
p is the time interval where
L′p > 0.5L
′
p,pk. The pulse profile of the induced photon
flares can also be described by equation (9). However,
the exact values of the peak luminosity and full width
at half maximum (FWHM) will depend on the selected
energy band, and on the proton radiative efficiency.
The requirement that proton synchrotron radiation
produces a flare in X-rays constrains B′γ
′2
p,max (see equa-
tion 1). For the numerical study of hadronic X-ray flares,
we select four pairs of B′, γ′p,max values marked with
symbols in Figure 1. We assume that B′ ∝ R′−1, thus
minimizing the number of free parameters. It turns out
that the choice of this scaling relation is not crucial for
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Table 1. Parameter values used for the numerical study of
hadronic X-ray flares.
Flare R′ (cm) B′ (G) γ′p,max w
′
p (d) L
′
p,pk (erg s
−1)
1 1013 104 104.7 1.9 2.2× 1045
2 1014 103 105.2 1.0 8.6× 1045
3 1015 102 105.7 1.0 3.8× 1046
4 1016 10 106.2 1.0 2.2× 1047
5 4× 1014 2.5× 102 105.5 6.0 2.0× 1046
Note—Flare 5 is introduced in Section 5 as application to the
X-ray flare of the extreme blazar 3HSP J095507.9+355101.
the derivation of our conclusions. By fixing the peak lu-
minosity of the X-ray flare, we can also constrain L′p,pk.
The FWHM of the proton injection pulse profile, w′p,
is chosen so that FWHM of the X-ray flare in the ob-
server’s frame is around one day. However, our main
conclusions are not sensitive on the value of w′p. Finally,
we present an additional case (Flare 5) that will be dis-
cussed in application to the X-ray flare of the extreme
blazar 3HSP J095507.9+355101 see Section 5). Table 1
summarizes the parameter values used for the simula-
tion of the hadronic flares.
4. RESULTS
Figure 2 shows our results for four exemplifying
hadronic X-ray flares, and their accompanying neutrino
emission, computed using the methods described in the
previous section; the characteristic sets of parameters
used are listed in Table 1. Despite the widely different
parameter values, all ensued flares have some features
in common.
At early times (see e.g., blue dashed lines) the bolo-
metric luminosity is still low, the ratio ξ > 1, and the
synchrotron component, which peaks at 1 keV, domi-
nates the total emission. The electromagnetic emission
from photohadronic interactions, which consists mostly
of synchrotron radiation of secondaries, is ∼ 10 times
less luminous than that of the proton synchrotron com-
ponent. The same can be said about the neutrino
emission. As the luminosity increases, ξ is decreasing,
and the photohadronic emission accounts for a signifi-
cant fraction of the bolometric photon luminosity (see
grey lines between dashed blue and solid green lines).
Close to the peak (solid green lines) and at the peak
(dot-dashed orange lines) of the flare, the multiwave-
length photon spectrum is characterized by strong pho-
tohadronic emission. The all-flavor neutrino emission is
at the same flux level (in εFε units) as the photon emis-
sion. This is the highest possible expected neutrino flux
for the selected parameters (i.e., B′, γ′p,max, and R
′), as
explained in Section 2. Therefore, the energy flux of a
saturated hadronic X-ray flare is a good proxy for the
all-flavor neutrino energy flux.
Another similarity is that all photon spectra (close to
the peak time of the flare) have a broad spectral com-
ponent in soft gamma-rays (∼ 0.1 − 100 MeV), whose
flux is comparable to the X-ray flux and the all-flavor
neutrino flux. This spectral feature arises due to the
synchrotron emission of secondary pairs produced di-
rectly via photohadronic interactions and indirectly via
photon-photon pair production. The (sub-)MeV emis-
sion of a saturated hadronic flare is therefore a second
proxy for high-energy neutrino emission.
The four cases also exhibit some apparent differences.
The source size differs by a factor of 104 from Flare 1 to
Flare 4 (see Table 1), while the radiated luminosity at
X-rays and the Doppler factor are kept constant. As a
result, the source photon compactness, Lph/D4R′, also
varies by four orders of magnitude, with the source of
Flare 1 being the most compact. Because the photon
compactness is a good measure of the optical depth to
photon-photon absorption, the attenuation of γ-ray pho-
tons is strongest in Flare 1, and gradually decreases as
we move to Flare 4. This can be also verified visually,
when comparing the photon spectra at the peak of each
flare. The γ-ray spectrum of Flare 1 is absorbed above
∼ 10 MeV, while the spectrum of Flare 4, on the other
end, extends unaffected by intra-source attenuation up
to ∼ 10 GeV. Thus, not all neutrino-rich hadronic X-ray
flares are strong γ-ray emitters.
The contribution of secondaries to the photon emis-
sion is not always limited in the soft γ-ray band and be-
yond. For flares produced in sufficiently compact sources
(e.g., Flares 1-3) the optically thin synchrotron emis-
sion of fast-cooling secondary electrons and positrons
can dominate the flux below X-rays. At early times, the
emission at energies below 1 keV is solely due to proton
synchrotron radiation in all flares. The optically thin
spectrum can be described by a power law, L(ε) ∝ ε−β ,
with index β = (p − 1)/2 = 0.25. The change of the
spectral index from its early-time value to 0.5, which
is observed in Flares 1 to 3, indicates a change in the
cooling regime of the radiating particles. This in turn
implies that the emission is dominated by fast-cooling
pairs, which are produced in photohadronic interactions
and through photon-photon absorption. If the source
is not compact enough, like in Flare 4, the secondary
production is suppressed. Together with the lower cool-
ing rate due to the weaker magnetic field and larger
source size, the contribution of secondaries to the low-
energy flare emission is less important. Thus, as a rule
6 Mastichiadis & Petropoulou
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Figure 2. Temporal evolution of photon (light grey lines) and all-flavor neutrino (dark grey lines) energy spectra for four
indicative hadronic X-ray flares (for their parameters, see Table 1 under Flares 1 to 4). Solid grey lines show snapshots every
∼ 1.5 hr in the observer’s frame for a 4-day time window prior to the peak of the X-ray flare. Colored lines show snapshots
corresponding to 10% (dashed line), 50% (solid line), and 100% (dash-dotted line) of the 1-2 keV flare’s peak luminosity. Inset
plots in all panels show a zoom in the 1-2 keV light curve around the peak time of the flare.
of thumb, saturated hadronic flares are accompanied by
optical flares, but their luminosity compared to that of
X-ray flares depends on the source parameters.
The peak neutrino flux of saturated hadronic X-ray
flares is similar to the peak flux reached in X-rays. How-
ever, the peak neutrino energy εν,pk (i.e., the energy
where the neutrino spectrum peaks in εFε units) de-
pends on the source parameters. More specifically, neu-
trino flares produced by more energetic protons (and
thereby weaker magnetic fields, see also Figure 1) will
have higher peak energies. Flare 4, for example, which
has a combination of the highest γ′p,max and lowest B
′
will produce the highest peak neutrino energy with a
peak roughly at εν,pk ' 2 D1γ′p,max GeV (Dimitrakoudis
et al. 2012) or εν,pk ' 2 εph,keVB
′−1
1.2 γ
′−1
p,6 PeV, where we
used equation (1).
A more compact view of the various multiwavelength
dependencies expected during hadronic X-ray flares is
provided in Figure 3. We show plots of the all-flavor
neutrino luminosity and the photon luminosity in three
characteristic energy bands (see figure caption) versus
the X-ray luminosity of Flares 1 to 4. Flares that are
produced in more compact sources (e.g., Flares 1 and
2) tend to have suppressed TeV emission after a cer-
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Figure 3. All-flavor bolometric neutrino luminosity (Lν)
and photon luminosities in different energy bands (Lph,TeV
in 0.3-10 TeV; Lph,GeV in 0.1-300 GeV, and Lph,eV in 1-2 eV)
plotted against the X-ray luminosity for the hadronic flares
shown in Figure 2 (for a description of the lines, see inset
legend). Grey lines with slopes of 2 and 3 (triple-dot-dashed
and long-dashed lines, respectively) are plotted to guide the
eye.
tain X-ray luminosity is reached, because of strong in-
ternal photon-photon absorption (top right panel). This
leads to a saturation of the TeV flux with increasing LX .
In such cases, only before the attenuation becomes im-
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portant (i.e., at low luminosities), the TeV emission is
strongly correlated with the X-ray emission. The same
can be said about the GeV emission of the flares, but
here the effect of attenuation is less pronounced (bot-
tom right panel). Contrary to the γ-rays, the opti-
cal emission is amplified close to the X-ray peak of
the flare (bottom left panel). This results in a copi-
ous amount of electron-positron secondaries produced in
photohadronic interactions, which cool completely (see
also Figure 2). The change from a proton-synchrotron
to a pair-synchrotron dominated optical emission is indi-
cated by a change in the slope of the curves. Finally, the
neutrino luminosity correlates quadratically with the X-
ray luminosity close to the peak of the flare (top left
panel). A cubic relation is found for lower luminos-
ity levels for Flares 1 and 2 that arise from the more
compact sources. At the flare maximum, the neutrino
luminosity can even exceed the X-ray one by a factor
of ∼ 3. This is not in contradiction with our analysis
in Section 2, according to which Lν → 0.6Lph. The
bolometric photon luminosity Lph is spread over many
orders of magnitude in frequency due to the intra-source
electromagnetic cascades, thus leading to LX < Lph.
5. APPLICATION TO THE EXTREME BLAZAR
3HSP J095507.9+355101
In January 2020 IceCube reported the observation
of the high-energy neutrino, IceCube-200107A (Ice-
Cube Collaboration 2020). Electromagnetic follow-up
of sources within the uncertainty region of the neu-
trino arrival direction led to the detection of an X-ray
flare from the high-synchrotron peaked (HSP) blazar
3HSP J095507.9+355101 (Garrappa et al. 2020; Giommi
et al. 2020a; Krauss et al. 2020), which is part of the
3HSP catalog (Chang et al. 2019). In fact, with a peak
synchrotron frequency of εs ∼ 2 keV, the source belongs
to the rare class of extreme blazars (Costamante et al.
2001). It has also been detected by the Fermi-LAT as
a γ-ray emitting source and is thus also included in the
4FGL catalog (Abdollahi et al. 2020). Subsequent to the
detection of the X-ray flare, the redshift of the source
was determined to be z = 0.557 (Paiano et al. 2020).
Here, we make a tentative comparison of a
hadronic X-ray flare to the multi-wavelength data of
3HSP J095507.9+355101 that were obtained within 3
days after the IceCube-200107A detection. For this pur-
pose, we choose Flare 5 (see Table 1) and we adopt
the multi-wavelength data set presented in Figure 2 of
Giommi et al. (2020b).
Our results are shown in Figure 4, where the colored
lines show snapshots of the photon and all-flavor neu-
trino spectra corresponding to the peak time of the X-
ray flare and to two consecutive days post peak. Given
that we did not perform a fit to the data, a disagree-
ment between the model and the data is expected at
some level. Nevertheless, for the parameters of Flare 5,
we are able to reproduce the optical-to-X-ray spectral
index and the synchrotron peak energy flux. A differ-
ent choice in the temporal profile of the proton injection
rate and a time-varying maximum proton energy would
alleviate the differences between the model and data in
regard to the X-ray spectral cutoff and the optical/X-ray
spectrum of the second day post peak (dashed line).
Although the broadband photon spectrum of
the hadronic flare appears similar to those ob-
tained in the one-zone leptohadronic models for
3HSP J095507.9+355101 investigated by Petropoulou
et al. (2020a), there are three main differences. First,
the X-rays of the hadronic flare are the result of pro-
ton synchrotron radiation, with some contribution from
synchrotron radiation of Bethe-Heitler pairs at energies
& 10 keV; in the one-zone leptohadronic models, the
X-rays are attributed to synchrotron radiation of accel-
erated (primary) electrons. Second, the SSC emission,
in all hadronic flares we explored, is strongly suppressed
due to the strong magnetic field and the ultra-relativistic
energies of secondary pairs that make Klein-Nishina ef-
fects relevant; in leptohadronic models, the SSC emis-
sion may have a significant contribution to the GeV
spectrum depending on the parameters. Third, the ac-
companying neutrino emission of the hadronic flare (at
least for the saturated flares studied here) has a compa-
rable (or even higher by a factor of a few) flux to that of
the X-ray flare; in the leptohadronic models, however,
the neutrino flux was found to be less than the X-ray
flare flux by at least a factor of ∼ 3.
We next discuss the neutrino expectation of the
hadronic flare in the context of the IceCube-200107A
detection. We compute the number of muon neutrinos
and anti-neutrinos, Nνµ+ν¯µ from the source as
Nνµ+ν¯µ =
1
3
∫ T+
T−
dt
∫ εν,max
εν,min
dεν Aeff(εν , δ)φεν (t). (10)
Here, φεν (t) is the time-varying all-flavor neutrino and
anti-neutrino flux, T± = tν,pk ± ∆T1/2/2, tν,pk is the
peak time of the flare (in the observer’s frame), ∆T1/2
is the full width at half maximum of the neutrino flare,
εν,min = 10
2 TeV and εν,max = 5× 105 TeV are respec-
tively the minimum and maximum energies considered
for the calculation. We also assumed vacuum neutrino
mixing and use 1/3 to convert from the all-flavor to
muon neutrino flux. Aeff(ενµ , δ) is the energy-dependent
and declination-dependent effective area of IceCube. For
the latter, we used the IceCube Alert (GFU-All) neu-
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Figure 4. SEDs of 3HSP J095507.9+355101 built with data
from Giommi et al. (2020b). Colored filled symbols indicate
observations taken soon after the arrival of the neutrino alert
(see inset legend). The inferred all-flavor neutrino flux (as-
suming an ε−2ν spectrum) is also marked on the plot (hor-
izontal grey lines) for an assumed duration ∆T = 10 yr of
neutrino emission. The grey bowtie and filled symbols show
the time-integrated Fermi-LAT data over a period of 250
days prior to the neutrino alert. Archival data are overplot-
ted with grey open symbols. Colored lines show snapshots of
the photon and all-flavor neutrino spectra corresponding to
the peak time of the X-ray flare and to two consecutive days
post peak. The inset plot shows a zoom in the 0.3–10 keV
light curve around the peak time of the flare.
trino effective area3 from Blaufuss et al. (2020) and the
IceCube Point Source (PS) effective area (IceCube Col-
laboration 2019)4.
Table 2 summarizes our findings for Nνµ+ν¯µ and
∆T1/2 for all hadronic flares studied so far. To facilitate
the comparison between cases, we also list the average
neutrino rate, defined as 〈N˙νµ+ν¯µ〉 ≡ Nνµ+ν¯µ/∆T1/2.
The differences in the expected neutrino number among
flares are a result of differences in ∆T1/2 and peak neu-
trino energy. For example, Flares 1 and 3 have simi-
lar ∆T1/2, but the latter yields a much higher number
of events, because the neutrino spectrum, φεν , peaks
closer to the energy where the effective area maximizes.
On the contrary, Flares 3 and 5 have different durations,
but similar average neutrino rates, suggesting that both
flares yield similar neutrino spectra in terms of peak en-
ergy and peak flux.
Flare 5, which we tentatively compared to the re-
cent X-ray flare of 3HSP J095507.9+355101, yields
Nνµ+ν¯µ(> 100 TeV) ∼ 4 × 10−4 (∼ 2.7 × 10−3) with
the Alert (PS) effective area. The Poisson probabil-
ity to detect one or more muon (or anti-muon) neutri-
nos above 100 TeV within 3 days of the X-ray flare is
3 This is averaged in the declination range [30◦ − 90◦].
4 Available online at https://icecube.wisc.edu/science/data
Table 2. Full width at half maximum of neutrino flares, num-
ber of muon and antimuon neutrinos with energy > 100 TeV ex-
pected to be detected by IceCube with the Alert (Point Source)
searches within that duration, and average neutrino rate, defined as
〈N˙νµ+ν¯µ〉 ≡ Nνµ+ν¯µ/∆T1/2.
Flare ∆T1/2 (d) Nνµ+ν¯µ (×10−4) 〈N˙νµ+ν¯µ〉 (×10−4 d−1)
Alert (Point Source) Alert (Point Source)
1 0.96 0.003 (0.03) 0.003 (0.03)
2 0.42 0.11 (0.78) 0.25 (1.87)
3 0.66 0.85 (5.18) 1.29 (7.83)
4 2.04 1.79 (9.00) 0.87 (4.41)
5 3.05 4.00 (27.3) 1.31 (8.97)
Note—The estimates were made for a blazar at the redshift and
declination of 3HSP J095507.9+355101.
P|1 νµ or ν¯µ(> 100 TeV) ∼ 0.04% (∼ 0.27%) in the Alert
(PS) channels. Similar estimates have been presented
by Petropoulou et al. (2020a) in the context of lepto-
hadronic models for the X-ray flare. For comparison,
their most optimistic leptohadronic model (see Model
AB′=30 G in Table 3 of Petropoulou et al. 2020a) pre-
dicts Nνµ+ν¯µ(> 100 TeV) ∼ 0.5×10−4 and 5.9×10−4 in
4 days in the Alert and PS effective areas, respectively.
These numbers are lower by a factor of ∼ 8 (4.5) when
compared to the expectation of Flare 5 for the Alert (PS)
effective area. Thus, the neutrino number expected dur-
ing saturated hadronic X-ray flares may be higher than
the one predicted in standard leptohadronic models by a
factor of ∼ 3− 10 depending on source parameters.
Based on our neutrino estimates, it is unlikely that
a single hadronic X-ray flare, such as Flare 5 (or any
other flare from those studied here for that matter), can
produce a neutrino event, like IceCube-200107A. For
example, Nf ≈ 63 flares with the same exact proper-
ties as Flare 5 would yield Nνµ+ν¯µ ∼ 0.17 in an Ice-
Cube point source search of 3HSP J095507.9+355101.
This expectation would correspond to the 84% Pois-
son lower limit for the detection of 1 event. How-
ever, the ∼ 7 year-long gap in the X-ray light curve of
3HSP J095507.9+355101 makes it difficult to test this
scenario. We plan to test the implications of hadronic
saturated X-ray flares in a future work by estimating
the number of muon neutrinos and anti-neutrinos ex-
pected from other extreme blazars that were observed
by Swift more than 100 times and were detected in a
flaring state (Giommi et al., 2020, in prep.).
6. PROSPECTS FOR FUTURE OBSERVATORIES
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We have shown that saturated hadronic flares at
keV energies are accompanied by an equally bright
MeV flare. This soft γ-ray component has a broad
curved energy spectrum (see Figure 2) and originates
from the synchrotron radiation of secondary pairs from
the Bethe-Heitler process (see also Petropoulou &
Mastichiadis 2015). The predicted synchrotron MeV
flares are ideal signals to be searched for with future
sensitive MeV observatories with wide field of view,
good spectral resolution, and polarization capabilities,
such as the All-sky Medium Energy Gamma-ray Ob-
servatory (AMEGO) (McEnery et al. 2019) and e-
ASTROGAM (De Angelis et al. 2017).
In Figure 5 we show the γ-ray spectra (solid colored
lines) for the four hadronic flares discussed in Section 4
that reach peak luminosities of ∼ 1045 erg s−1. An
additional case with 15 times higher peak X-ray lumi-
nosity than Flare 1 is also included in the plot (indi-
cated as Flare 1*). The source is assumed to be lo-
cated at z = 0.2. All spectra are averaged over a pe-
riod of 106 s, and have been attenuated due to the ex-
tragalactic background light (EBL) using the model of
(Finke et al. 2010). The sensitivity curves of existing
and future γ-ray instruments, covering a wide energy
range (∼ 1 MeV–100 TeV), are overplotted for com-
parison. All curves are scaled to the same exposure
time, texp = 10
6 s, assuming that the limiting flux is
∝ 1/√texp. X-ray flares from less compact emitting re-
gions with weaker magnetic fields are accompanied by
sub-TeV emission (see e.g., Flares 3 and 4) that could
be detected by the Cherenkov Telescope Array (CTA,
Hassan et al. 2017). In this regard, nearby HSP blazars
at bright X-ray flaring states are ideal targets for the
search of hadronic flares with CTA. Meanwhile, not all
hadronic flares are strong γ-ray emitters in the 10–100
GeV energy range, wherein the sensitivity of Fermi -LAT
is best. Flare 1* (solid dark red line) is an indicative ex-
ample of hadronic flares that are hidden in GeV γ-rays,
but are still strong neutrino emitters. In this partic-
ular example, the peak neutrino luminosity, which is
comparable to the peak X-ray luminosity of the flare,
is ∼ 8 × 1046 erg s−1. The attenuated γ-ray emission
of such flares is not lost but re-emerges at lower pho-
ton energies as a broad MeV component with luminos-
ity comparable to the X-ray and neutrino luminosities.
Future satellites like AMEGO and e-ASTROGAM are
therefore ideal for the search of neutrino counterparts to
blazar flares which otherwise are dark in higher energy
γ-rays.
Another common property of hadronic X-ray flares is
that their broadband spectrum (i.e., from optical up to
soft γ-rays) is produced by the synchrotron radiation of
4 6 8 10 12 14 16
−14
−13
−12
−11
−10
−9
log ε (eV)
lo
g 
ε 
F ε
 
(er
g c
m−
2  
s−
1 )
 e−ASTROGAM
 AMEGO
 Fermi−LAT
 CTA North
 CTA South
z=0.2
T=106 s
 Flare 1
 Flare 2
 Flare 3
 Flare 4
 Flare 1*
Figure 5. γ-ray energy spectra (solid colored lines) of a
fiducial source at redshift z = 0.2 exhibiting hadronic X-
ray flares for the same parameters as in Figure 2. Results
for a flare with 15 times higher peak X-ray luminosity than
Flare 1 are also shown in dark red. Spectra are averaged
over a time-window of duration 106 s, centered around the
peak time of each flare. All γ-ray spectra have been atten-
uated using the EBL model of Finke et al. (2010). Other
lines show the sensitivity of current and future γ-ray in-
struments, all scaled to an exposure time of 106 s: Fermi-
LAT (adopted from https://www.slac.stanford.edu/exp/
glast/groups/canda/lat Performance.htm for a high galac-
tic latitude), e-ASTROGAM (De Angelis et al. 2017),
AMEGO (McEnery et al. 2019), and CTA (adopted from
Hinton & Ruiz-Velasco 2020).
relativistic protons and their secondary pairs. The con-
tribution of synchrotron self-Compton radiation of the
latter in the optical to soft-γ-ray flux is negligible for
the cases explored here. As a result, the polarization
degree of a hadronic X-ray flare is expected to be al-
most constant across a wide range of frequencies, with
the actual value depending on the degree of order (or
disorder) of the magnetic field in the emission region
(Zhang & Bo¨ttcher 2013; Paliya et al. 2018). The polar-
ization properties of such hadronic flares are expected to
differ from those characterizing the average flux state of
a blazar, as their production region may be other than
the typical blazar radiation zone. X-ray polarization of
bright blazar flares can be measured in the near future
(see e.g., Liodakis et al. 2019) by the Imaging X-ray
Polarimetry Explorer (IXPE, O’Dell et al. 2018), thus
providing some hints to their hadronic or leptonic origin.
In the long term, combined polarimetric observations of
blazars in flaring states in the optical, X-ray and soft γ-
ray energy ranges can help to test the scenario of purely
hadronic X-ray flares.
7. SUMMARY & DISCUSSION
Motivated by the fact that the IceCube neutrino de-
tection events have been tentatively associated with
blazars undergoing flaring activity, we investigated the
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neutrino emission from hadronic flares occurring in
blazar jets. Such flares could occur whenever protons
are accelerated intermittently to high energies in the
jet, and produce pions interacting mainly with their own
synchrotron radiation.
When the production site of hadronic flares is suffi-
ciently compact (i.e., it contains high luminosity in a
small volume), then the radiated photons of secondary
electron-positron pairs can become so numerous that
they can take over the proton synchrotron photons as
targets for photohadronic interactions. The neutrino lu-
minosity of these saturated hadronic flares can be as high
as about half of the bolometric photon luminosity.
In this paper we studied hadronic saturated flares in
the case where the source parameters are such as to pro-
duce X-rays from proton synchrotron radiation. It turns
out that neutrinos cannot be produced for parameter
sets leading to lower energy proton synchrotron emis-
sion, e.g., peaking in the optical, because the threshold
condition for photomeson production cannot be met (see
Figure 1). Moreover, the neutrino production efficiency
of hadronic flares peaking in the MeV band is reduced
because of the decrease in the target photon number
density.
For the study of neutrino emission during hadronic X-
ray flares we relied on fully time-dependent numerical
calculations. While neutrinos escape the source unim-
peded, the photon production spectra undergo strong
modification inside the source due to γγ absorption and
the ensuing electromagnetic cascades. This has as a re-
sult, especially in the case of fast electron cooling, the
escaping bolometric photon luminosity to be equal to the
injected one, but the spectral photon luminosity to be
shifted effectively to lower frequencies. Meanwhile, the
proton and photon number densities in the source during
a flare are far from stationary. An accurate description
of the broadband photon spectrum and of the accompa-
nying neutrino emission during hadronic flares therefore
requires a time-dependent numerical treatment.
We found that saturated hadronic X-ray flares have
some unique spectral characteristics. Close to the
peak time of the X-ray flare, an equally bright broad
spectral component peaks in the MeV energy range.
This component is a result of the electromagnetic cas-
cades developed in the source from secondary pairs and,
more specifically, from those produced via γγ absorp-
tion. This accompanying MeV emission might provide
a complementary probe of hadronic flares from nearby
sources with the advent of missions like AMEGO and
e-ASTROGAM. On the contrary, flaring in GeV-TeV γ-
rays is not always expected as it depends on the source
parameters (see Figure 3). More specifically, for com-
pact emitting regions with strong magnetic fields, the
source becomes opaque in γ-rays and the high-energy
neutrino flare may not have a bright γ-ray electro-
magnetic counterpart. This finding is consistent with
the conclusions of previous studies about the origin
of the IceCube diffuse neutrino flux (see e.g., Murase
et al. 2016; IceCube Collaboration et al. 2020) and the
neutrino flare of TXS 0506+056 in 2014/15 (Murase
et al. 2018; Reimer et al. 2019; Rodrigues et al. 2019;
Petropoulou et al. 2020b; Zhang et al. 2020). At the
onset of a hadronic flare, the main target for photome-
son interactions and γγ absorption are the X-ray pho-
tons from proton synchrotron radiation. As the flare
progresses, the number density of the latter increases,
making the opacity in γ-rays higher. This results in
the production of more secondary pairs that radiate ef-
ficiently through synchrotron, thus leading to a build up
of soft photons in the source. These photons are respon-
sible for maximizing the neutrino production rate and
controlling the γγ opacity in saturate hadronic flares.
We applied the idea of saturated hadronic flares to
to the blazar 3HSP J095507.9+355101 (see Figure 4),
which has been possibly associated with a high-energy
neutrino (IceCube-200107A) while undergoing a hard X-
ray flare. We found that the number of neutrinos above
100 TeV during saturated hadronic flares can be up to
3 − 10 times higher than the expected number in stan-
dard leptohadronic models (Petropoulou et al. 2020a).
Still, it is unlikely that a single X-ray flare can explain
the detected neutrino event IceCube-200107A. In the
best case scenario, we found that approximately 63 (3-
day long) X-ray flares would yield ∼ 0.17 muon and
antimuon neutrinos above 100 TeV in an IceCube point
source search of 3HSP J095507.9+355101. This trans-
lates into a ∼ 5% duty cycle of hadronic X-ray flaring
activity, considering a total period of 10 years. The iden-
tification of X-ray counterparts to high-energy neutrinos
in the post-Swift era and the establishment of the X-ray
flaring duty cycle in blazars with future instruments like
STROBE-X (Ray et al. 2019) are essential for testing
the proposed theoretical scenario and narrowing down
the candidate neutrino sources.
Although we applied the scenario of hadronic X-ray
flares to the extreme blazar 3HSP J095507.9+355101,
the proposed model can be still of relevance to
intermediate- and low-synchrotron peaked blazars (ISPs
and LSPs, respectively). For example, in LSPs where
the bolometric radiation is emitted as GeV γ-rays,
hadronic X-ray flares would make only a small contribu-
tion to the bolometric luminosity of the source. Even in
this case, however, the prediction of an accompanying
TeV–PeV neutrino flare with comparable luminosity to
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the X-ray one would still hold. An application of our
proposed model to X-ray flares detected by Swift-XRT
from different blazar subclasses will be the subject of a
forthcoming publication.
In this paper we focused on purely hadronic flares by
neglecting the injection of relativistic primary electrons
in the flaring region. This could be physically realized
in the following ways. One idea is that both primary
electrons and protons after being accelerated to rela-
tivistic energies, escape to a region where strong radia-
tive losses drain the energy from the electrons but do
not strongly limit the energy of protons. Being still
energetic, protons can enter another region producing
a hadronic flare, while the low-energy primary electrons
making a negligible contribution to the photon emission.
In this scenario, a leptonic flare powered by primary
electrons will be produced in the first radiation zone,
while a hadronic flare will arise from the second zone.
The spectral and temporal properties of such multi-zone
flaring model require dedicated investigation. Alterna-
tively, primary relativistic electrons can be injected di-
rectly to the production region of the hadronic flare with
low enough luminosity so that they are radiatively sub-
dominant. This can be exemplified in the case of Flare
5 that is constrained by observations. Because proton
synchrotron radiation is responsible for the X-rays, any
primary electron contribution should remain below the
observed flux. This implies that Le < (me/mp)Lp where
Le is the primary electron luminosity.
In our analysis of saturated hadronic flares we did not
include any external radiation fields that may be present
in the AGN environment (from e.g., the broad line re-
gion or the dusty torus). This implicit assumption is
valid as long as the number density of external photons
is lower than the number density of proton synchrotron
photons and/or whenever the collisions between external
photons and relativistic protons are below the threshold
for photomeson production. Inclusion of non-negligible
external photon fields with typical energies in the op-
tical/UV or near-infrared bands would still not affect
the development of the hadronic flares in any way other
than shifting the peak energy of the neutrino spectrum.
In conclusion, saturated hadronic X-ray flares pose
an interesting alternative to the standard scenarios for
neutrino production in blazars. They are accompanied
by equally bright TeV–PeV neutrino flares and MeV γ-
ray flares, while they can be hidden in GeV–TeV γ-rays
for dense source environments. Our results motivate X-
ray and MeV γ-ray monitoring of blazars for the search
of high-energy neutrino counterparts.
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